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Abstract

Alkali-silica reaction (ASR) causing deterioration of mortars and concretes is due to
the swelling of gel formed by the reaction of alkali in cement-based materials with
reactive silica in aggregates, in the presence of water. The swelling of the gel
generates tensile stresses in the specimen resulting in expansion and cracks. Most
tests designed to detect ASR rely on measurements of the length change. A new
test, designed to measure the stress generated by the swelling of the gel, has a
cylindrical mortar specimen placed in a frame under a load cell. The force required to
prevent expansion is measured over time while the sample and frame are immersed in
a solution of 1 N NaOH at 50 °C. Along with the design of the apparatus, some
preliminary results are presented. Measurements of stresses showed a strong influence
of creep on the mechanical response of the material subjected to ASR. The aggregate
influence on the stress and expansion due to the ASR was investigated.

Keywords: Alkali-silica reaction, mortar, stress measurements, Young’s modulus,
stress relaxation.

1. Introduction

Damage of concrete due to alkali-silica reaction (ASR) is a phenomenon that was
first recognized in 1940 by Stanton [1,2] in North America. It has since been observed
in many other countries. Many studies [3,4,5] have been published since Stanton’s
first paper, but the mechanisms of ASR are not yet clearly understood [6].
Nevertheless, the major factors have been identified. In the presence of water, alkalies
in the pore solution react with reactive silica, found in certain aggregates. Related
factors which can play a significant rcle are environmental relative humidity (RH),
porosity of the concrete, and mineral admixtures in the concrete.
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Most methods in use today to detect ASR in mortars or concretes are based on
measurements of the expansion of the sample. In this paper, we will describe a novel
technique consisting of the measurement of the expansion stress generated by the
reaction. The main advantage in measuring stresses instead of length changes is that
the results might be able to be used to design a concrete that resists ASR expansion,
i.e., with a tensile strength higher than the stress generated by the reaction.

2. Background

Most researchers agree that the main form of ASR is between certain kinds of silica
present in the aggregates and the hydroxide ions ( OH) in the pore water of a
concrete [3,4]. Hydroxide ions from the hydration of portland cement result in a pore
solution pH of around 12.5 [7]. The amount of alkalies present in the pore water is
related to the amount of soluble alkalies in the cement. The hydroxide ions may
attack vulnerable sites exposed in a silica surface. If the silica is well-crystallized the
vulnerable sites are few but in the case of poorly-crystallized or amorphous silica,
there are many vulnerable sites in the silica structure; in the latter case, alkali attack
may lead to complete conversion of the silica to calcium and alkali silicate gel [8,9].
To keep a neutral charge balance, the cations Na' and K' diffuse toward the
hydroxide ions, producing a gel-like material.

The formation of the gel per se is not deleterious. The deterioration of the
concrete structure is due to the water absorption by the gel and its expansion. If the
tensile strength of the system is locally exceeded, cracks will form and propagate in
" radial fashion around the reaction site. The sites of crack initiation are randomly
distributed in the specimen, and there is no preferential direction for cracks to
propagate. The crack sites are determined by the location of the reactive silica on the
aggregates and the local availability of OH .

Most tests available for detecting ASR in concrete are based on measurement of
the specimen expansion. The mix design and the condition of testing differs among
tests. There are three ASTM tests currently used: ASTM C1260 [10] , ASTM C227
[11], and ASTM C441 [12].  Other tests described in the literature are usually
modifications of the above tests. A German test [13, 14] was developed to measure
the stress generated from ASR but limited data are available. Recently, Sellier et al.
[15] attempted to simulate the stresses and the swelling due to ASR and found good
agreement with available measurements. We used a mix design that simulates high
performance concrete, with low permeability, low water/cement ratio and high cement
content.

3. Experimental Set-up

3.1 Stress measurements

A novel test was designed to measure the stress generated by ASR in mortars. Figure
1 shows a sketch of the apparatus. The specimen, a mortar or concrete cylinder, is
placed in the stainless steel frame and connected to a load cell. The load cell,
connected to a computer, monitors, at regular intervals, the force generated by the
formation of the ASR gel and the specimen expansion. To guarantee that the load cell
response (voltage) is uniquely related to a force generated by the specimen, the cell
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Stainless steel frame ]

Figure 1: Schematic view of the device used to measure stress due to ASR.

was calibrated, using a dead weight set-up, in the same configuration (frame) as it was
used during the experiment.

The frame holding the specimen is immersed in a container with a 1N aqueous
solution of NaOH which is the test solution used in ASTM C1260 [10].  The
container is then placed in a water bath with a controlled temperature of 50 °C + 3 °C.
The effect of differential thermal expansion between the sample cylinder and the steel
legs of the frame was found to be unimportant. Since the experiment was conducted
at constant temperature, the initial thermal expansion was easily taken into
consideration.

3.2 Specimen preparation

In this initial study, only mortar specimens were tested. Three specimens were
prepared for each mix. Table 1 gives the mixture designs used, while Table 2 gives the
sand gradation. One sand was selected for its reactivity and one for its lack of
reactivity with alkalies.

The specimens were cylinders 38 mm in diameter and 279 mm long (1.5 in. x 11
in.). The cement used had a high alkali content (about 1.2 % Na,O equivalent). As
the high alkali content of the cement should result in a high alkali concentration and
pH in the pore solution, this cement should promote ASR with reactive siliceous
aggregates. Companion cylinders were also placed either in limewater or in 1 N
NaOH solution for unrestrained expansion measurements. All the samples were kept
at 50°C £ 3 °C.
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Table 1. Mixture design of the mortars

Mixture design Mix A Mix B

Water/Cement 0.295 by mass 0.295 by mass

Sand/Cement 1.411 by mass 1.411 by mass

Type of sand Tecosil'"” U.S. Silica’

Sand Gradation  Gradation #1 (Table 2) Gradation #2 (Table 2)
HWRA? HRWA #1 @ 0.50% by mass HRWA #2 @ 4% by mass of

of cement

cement

Table 2. Mortar sand gradation

Sand
Gradation Size range Mass
simulated Sieve size ASTM EII Dimension

[pm] [%]

#1 4-10 4750-2000 15
all sands are from 10-20 2000-850 35
Tecosil® 20-50 850-300 25

50-100 300-150 25
#2 S15 2360-600 35
all sands are from U.S. C778 (20-30) 850-600 19
Silica®, Ottawa Illinois. ~ C778 (Graded sand) 600-300 19

F95 300-200 25

The sand gradation was selected as a simulation of a smooth size distribution (not gap graded)

4. Results and discussion

Figure 2 shows the stress-strain plots for the two mixes. The strain was measured in
the free expansion samples, while the stress was measured for the samples confined by
the frame. For Mix A, the stress increased rapidly with strain, and then increased
much more slowly. This phenomena is attributed to the occurrence of cracking,
which accompanied the large degree of expansion shown by this mix. The stress for
Mix B was always fairly linear with the expansion strain. If we fit a straight line to
the stress-strain graph for Mix B, the “apparent” Young's modulus value obtained is
E=3.3 GPa, with an R? of 0.86. This value is low by about a factor of 10 compared to
concrete or mortar, which usually has a value of E in excess of 30 GPa [16]. For Mix
A, since the measured strain in the unrestrained linear expansion specimen consisted
mostly of crack opening displacement, the expansion of the cylinder after being
removed from the frame was divided into the measured stress to give an estimate of

! Graded sand provided by C-E Minerals®, PA USA. The composition is fused silica (amorphous)

2 by mass of cement; HWRA #1 was supplied by W.R Grace and Co®. while HRWA #2 was supplied
by Masters Builders®

3 The name of manufacturers are identified in this report to adequately describe the experimental
procedure. Such an identification does not imply recommendation or endorsement by the National

Institute of Standards and Technology, nor does it imply that the material identified is necessarily
the best available for the purpose. :
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the “apparent” Young's modulus. There was no apparent cracking in this case. The
result was nearly the same as that obtained for Mix B. If the strain for Mix B is
measured after releasing from the frame an “apparent” Young’s modulus of about 18
GPa is obtained. This results seem to confirm the simulation presented by Sellier et al.
[15].

Consider now the role of stress relaxation. Suppose the mortars were only
linearly elastic. We could then treat the mortar as an elastic composite, which had a
small volume fraction of material (ASR gel) that exerted internal stresses by trying to
occupy a larger space. The measured stress would then be the effective modulus of
the mortar/gel composite multiplied by the measured strain. In this case, for Mix B
for example, the measured stress should have been 30 MPa, not 3 MPa, and large
scale cracking should have been seen. Similar results should have been obtained for
Mix A, when considering the expansion of the cylinder after being released from the
frame. This large discrepancy between experimental results and these predicted by
linear elasticity implies that stress relaxation played a large role in this experiment in
addition to crack opening displacement in Mix A. This finding is in general agreement
with the results and conclusion obtained by Stark [17]. Clearly, as the alkali-silica
reaction went forward, producing expansive gel, the mortar was able to rearrange
itself, thereby relaxing the longitudinal stress to the levels seen.  Part of this
rearrangement would show itself in lateral movement (bowing and/or increase in
diameter), which was indeed observed on the samples. It is known that early-age
concrete creeps much more than late age concrete, and since the ASR test started at
only 24 hours of hydration, stress relaxation could clearly play a major role. This
seems to be the only explanation of the samples' mechanical behavior. Plans have
been made to check this explanation by putting an initial compressive stress on a 24
hour old non-reactive aggregate sample, and then measuring the change of stress with
time as stress relaxation occurs during the ensuing hydration. However, the problem
of stress relaxation induced by internal stresses has not previously been considered
theoretically, and is worthy of further investigation.

The two different aggregates had very different effects on the level of the
measured expansion and stress. The total free expansion of Mix A was about 10
times greater than that of Mix B (Figure 3). As only the type of aggregates differed,
these plots indicate that sand #1 is more reactive than sand #2. However, the stresses

= 10 —_—

-] o]

E 8 -9

£ 6 z

w 4 v

[7/] 1/

£ 2 £

wn 0 w O+ -t + . 1
0.0 1.0 20 30 0.00 0.02 0.04 0.06 0.08

Expansion [%] : Expansion [%]

Figure 2 Stress-expansion plots for mortar specimens in NaOH solution at 50 °C.
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Figure 3 Expansion measurements on the tested mortar.
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Figure 4 Change of stress with time for the constrained specimens.

measured were not much different (Figure 4). This result is interpreted in the
following way. The internal stresses in the Mix A sample were able to build up
enough so that the tensile strength was exceeded locally, producing the large number
of lateral cracks and the large linear expansion seen. The internal stresses in the Mix
B sample never exceeded the local tensile strength, so only a small expansion was
seen. The actual stresses produced could be similar, however, for as long as the
stresses in Mix B stayed below the tensile strength, and the stresses in Mix A
exceeded the tensile strength, a large difference in the free expansion would be seen.
The amount of gel produced in the two samples will be measured in the scanning
electron microscope to determine the actual difference in reactivity between the two
aggregates.

5. Conclusions

It has been shown, using the new apparatus, that the substantial forces exerted by
ASR can be measured, once the role of stress relaxation was made clear. It now will
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be possible to study factors affecting the forces for different materials and mixture
properties, environmental conditions, and specimen geometries so as to provide data
for mixture design and calculation of constrained expansion due to ASR in actual
structures.
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